Abstract Although the rate limiting step in mitochondrial fatty acid oxidation, catalyzed by carnitine palmitoyl transferase I (CPTI), utilizes long-chain fatty acyl-CoAs (LCFA-CoA) as a substrate, how LCFA-CoA is transferred to CPTI remains elusive. Based on secondary structural predictions and conserved tryptophan residues, the cytoplasmic C-terminal domain was hypothesized to be the LCFA-CoA binding site and important for interaction with cytoplasmic LCFA-CoA binding/transport proteins to provide a potential route for LCFA-CoA transfer. To begin to address this question, the cytoplasmic C-terminal region of liver CPTI (L-CPTI) was recombinantly expressed and purified. Data herein showed for the first time that the L-CPTI C-terminal 89 residues were sufficient for high affinity binding of LCFA-CoA (K d = 2-10 nM) and direct interaction with several cytoplasmic LCFA-CoA binding proteins (K d \ 10 nM), leading to enhanced CPTI activity. Furthermore, alanine substitutions for tryptophan in L-CPTI (W391A and W452A) altered secondary structure, decreased binding affinity for LCFA-CoA, and almost completely abolished L-CPTI activity, suggesting that these amino acids may be important for ligand stabilization necessary for L-CPTI activity. Moreover, while decreased activity of the W452A mutant could be explained by decreased binding of lipid binding proteins, W391 itself seems to be important for activity. These data suggest that both interactions with lipid binding proteins and the peptide itself are important for optimal enzyme activity.
Introduction
Liver is the major organ for taking up and metabolizing dietary long chain fatty acids (LCFAs). Hepatocytes quickly convert LCFAs to their activated CoA thioesters (LCFA-CoAs) for rapid delivery to oxidative organelles, such as mitochondria, in order to produce much of the energy needed for multiple hepatocyte functions [1] . Spontaneous LCFA-CoA transfer to mitochondria is unlikely to account for this rapid delivery, since LCFA-CoAs are poorly water soluble, readily degrade in aqueous systems, and are highly membrane-bound [2, 3] . Furthermore, the rate limiting step in mitochondrial LCFA oxidation is the conversion of LCFA-CoA to LCFA-carnitine mediated by carnitine palmitoyl transferase-I (CPTI) in the mitochondrial outer membrane [4] . In vitro studies show that CPTI itself is inhibited by high levels of substrate LCFACoAs [4, 5] . While BSA as a vehicle prevents LCFA-CoA substrate inhibition to enhance CPTI activity for in vitro assays, BSA is a secreted protein not normally present in cytoplasm [4, 5] . Although indirect evidence has suggested that CPTI might need to recognize both the LCFA-CoA and a LCFA-CoA binding protein to acquire the LCFACoA [6] , it is unclear whether intracellular LCFA-CoA binding proteins directly interact with CPTI to enhance CPTI activity. Due to CPTI's central role in LCFA oxidation, a thorough understanding of the molecular mechanism of regulation of CPT is an important first step in the development of treatments for diseases such as myocardial ischemia, heart failure, diabetes, obesity, cancer, and inherited CPT deficiency diseases [7] [8] [9] .
Liver expresses at least three different families of cytoplasmic LCFA-CoA binding proteins: acyl-CoA binding protein (ACBP) (review in [10, 11] ); liver fatty acid binding protein (L-FABP) (review in [12, 13] ), and sterol carrier protein-2 (SCP-2) (review in [14, 15] ). Studies in vitro and in transfected cells overexpressing the respective cytoplasmic LCFA-CoA binding proteins show that they enhance LCFA-CoA desorption from membranes, increase aqueous solubility and stability of LCFA-CoAs, enhance intracellular transfer of bound ligands, and stimulate LCFA-CoA transacylation to form glycerides and cholesteryl esters (review in [10, 12, 15] ). Tissue levels of the cytoplasmic LCFA-CoA binding proteins correlate with LCFA oxidative ability [16, 17] . Further, overexpression of L-FABP or SCP-2 enhances LCFA oxidation while ablation of L-FABP or SCP-2 diminishes LCFA oxidation [18] [19] [20] [21] . However, it is not known whether any of the cytoplasmic LCFA-CoA binding proteins enhance CPTI simply by increasing LCFA-CoA solubility to prevent LCFA-CoA substrate inhibition or if the cytoplasmic LCFA-CoA binding proteins directly interact with CPTI to enhance mitochondrial LCFA oxidation.
Although direct evidence demonstrating that the cytoplasmic facing 89 amino acids of the liver CPTI (L-CPTI) C-terminus represents the ligand binding domain and/or may interact with LCFA-CoA binding proteins is lacking, this possibility is suggested by reduced CPTI activity found when amino acids in this region are mutated, as well as sequence homology with other LCFA-CoA binding proteins [5, [22] [23] [24] [25] . The finding that tryptophan residues 391 and 452 in L-CPTI are highly conserved further suggested that these specific residues may be important for LCFACoA binding and/or transfer from cytoplasmic LCFA-CoA binding proteins. Since purified full-length CPT-I protein was found to be completely inactivated when removed from its natural environment (membranes), and since membranes themselves will uptake LCFA-CoA [6] , the studies described herein utilized the C-terminal 89 amino acid domain of L-CPTI (WT) to determine if this region: (i) binds specific cytoplasmic LCFA-CoA binding proteins; (ii) tryptophans at residues 391 and 452 are important for interaction with cytoplasmic LCFA-CoA binding proteins; (iii) exhibits high affinity for LCFA-CoA; (iv) tryptophans at residues 391 and 452 are important for high affinity LCFA-CoA binding.
Experimental procedures

Construction of plasmids for expression of wild-type and mutant 89-residue L-CPTI peptides
The C-terminal region (residues 381-469) of the rat wildtype L-CPTI (WT) and tryptophan mutants (W391A and W452A) were PCR amplified using the primers P89 forward, 5
0 -GGAATTCCATATGGCCGCCCTCACTGCTG CA-3 0 and P89 reverse, 5 0 -GGCCGCTCGAGCTATTATA TGCCTATCTTGCTGTT-3 0 with NdeI and XhoI restriction sites [22] . To construct the N-terminally His-tagged peptides, the 267-bp PCR products were subcloned into the NdeI-XhoI linearized bacterial expression vector pPROEX-1 (Invitrogen, Carlsbad, CA), and the mutations were confirmed by DNA sequencing.
Expression of wild-type and mutant 89-residue L-CPTI peptides in E. coli pPROEX-wild type and mutant plasmids were transformed into BL21(DE3) E. coli cells, and an overnight culture of each was used to inoculate 10 L of LB medium containing 100 lg/ml ampicillin. Cultures were grown at 37°C with constant shaking to an A 600 of 0.5-0.8, induced with 1.0 mM IPTG, and incubated for an additional 5 h. Cells were harvested by centrifugation, washed with 100 ml of lysis buffer (15 mM tris, pH 8.0, 300 mM NaCl; 10 mM imidazole; 1 mM PMSF; 0.2% protease inhibitor; 1 lg/ml leupeptin) per liter culture, resuspended in 10 ml of lysis buffer per litre culture, and then lysed by French press. Octylglucoside was added to the cell lysate to a final concentration of 1%, and the lysate was incubated for 30 min at 4°C. The insoluble cell debris was removed by centrifugation, and the peptides were purified from the clear supernatant (lysate) as described below.
Purification of wild-type and mutant 89-residue L-CPTI peptides Ni-NTA resin (1 ml per 2 ml of cell lysate; Qiagen Inc., Valencia, CA) was equilibrated with lysis buffer containing 1% octylglucoside and 20 mM imidazole, mixed with cell lysate, and incubated at 4°C overnight in the column. Lysate was allowed to flow through the column by gravity. The column was washed 5-times with the lysis buffer containing 20 mM imidazole and 1% octylglucoside. The His-tagged 89-residue L-CPTI fragments were then eluted with lysis buffer containing 250 mM imidazole in 4.0 ml fractions. Fractions were examined by SDS-PAGE using 16.5% tristricine gels under reducing conditions and either stained with Coomassie blue or transferred to nitrocellulose membranes and incubated with anti-His tag antibodies (Qiagen, Valencia, CA) as described previously [5] . Fractions containing His-tagged peptides were pooled, concentrated with Centricon Plus-Y3 centrifugal filter devices with Ultracel PL membranes, and desalted such that the final NaCl and imidazole concentrations were 15 mM and \0.2 mM, respectively. These samples were further purified by gel filtration chromatography on Sephadex G-50 columns (Sigma, St. Louis, MO) and eluted in 10 mM tris-HCl buffer. Purity and identity of the fractions were confirmed by SDS-PAGE, Coomassie blue staining, and Western blotting. Fractions containing L-CPTI peptides as a single band at the expected molecular weight were further concentrated by centrifugation (centriplus YM-3). Each protein was resuspended in a protease inhibitor cocktail mixture with 1% octylglucoside prior to and following each purification step. Protein concentrations were determined using the Bio-Rad protein assay kit.
Expression and purification of recombinant lipid binding proteins
Mouse recombinant ACBP protein was expressed and purified as previously described [26] . Mouse recombinant L-FABP protein was produced, purified, and delipidated as previously described [27] . Human recombinant SCP-2 was produced as described earlier [14] . Cytochrome C was purchased from Sigma-Aldrich (St. Louis, MO). amino acid molarity in each sample was equal to 0.0003 M) in 50 lM tris, pH 7.2 and 0.0005% octylglucoside were obtained with a J-810 spectropolarimeter (JASCO Inc., Easton, MD) at 23°C in a 1-mm cuvette as previously described [28, 29] . Replicate spectra were recorded from 260 to 185 nm with a bandwidth of 2 nm, sensitivity of 10 millidegrees, scan rate of 50 nm/min, and a time constant of 1 s. The percentage of secondary structures (a-helices, b-strands, turns, and unordered structures) was determined with the software package CDPro (downloaded from the website: http://lamar.colo state.edu/*sreeram/CDPro) [30] . The CD spectrum of the mixed proteins was compared to a theoretical spectrum of combined but non-interacting proteins, which was calculated by averaging the spectra of each protein analyzed separately at a concentration equal to that in the mixture [29] .
Fluorescence resonance energy transfer between CPTI peptides and lipid binding proteins
The 89-residue wild type and mutant L-CPTI peptides were fluorescently labeled with Cy3 dye, while recombinant ACBP, L-FABP, SCP-2, and cytochrome C proteins were fluorescently labeled with Cy5 dyes, using the Fluorolinkantibody Cy3 and Cy5 labeling kits (Amersham Biosciences, Pittsburgh, PA). Absorbance and mass spectroscopy measurements [31] were used to determine protein concentrations, as well as dye to protein ratios, and labeling ratios were maintained at approximately 1 dye per peptide or protein molecule. Emission spectra (560-700 nm) were obtained of 30 nM donor (Cy3-labeled CPTI peptides) in PBS at 24°C upon excitation at 550 nm with increasing concentration of acceptor (Cy5-labeled ACBP, L-FABP, SCP-2, or cytochrome C) in a PC1 photon counting spectrofluorometer (ISS Inc., Champaign, IL) as previously described for other proteins with this donor/acceptor pair [29, 31] . The spectra were corrected for background (buffer only and acceptor only) and the maximal intensities were measured using Vinci 1.5 software (ISS Inc., Champaign, IL). The protein binding affinity and the energy transfer efficiency were calculated using the amount of sensitized acceptor fluorescence, and the intermolecular distance was calculated according to the Förster equation as described earlier [28, 29, 31] .
CPTI assay
Carnitine palmitoyl transferase I activity was determined in isolated mitochondria from the yeast strains expressing the wild-type and mutant CPTIs by the forward exchange method using L-[methyl-
3 H] carnitine as described previously [32, 33] . The activity was measured by varying the palmitoyl-CoA to BSA, ACBP, L-FABP, and SCP-2 molar ratios from 1.85 to 7.41 at a fixed carnitine concentration of 1.0 mM as described previously [32, 33] . Mitochondrial protein (150 lg) was used, and all incubations were performed at 30°C for 5 min. Reactions were stopped by addition of 6% perchloric acid and processed as described [32, 33] .
Direct binding of naturally-occurring fluorescent LCFA-CoA (cis-parinaroyl-CoA) Direct ligand binding assays not requiring separation of protein bound from free ligand were performed using cis-parinaroyl-CoA, a naturally occurring fluorescent LCFA-CoA which has a structure similar to endogenous LCFA-CoA [28] . Fluorescent cis-parinaroyl-CoA was synthesized from cis-parinaric acid (Cayman Chemicals, Ann Arbor, MI) and purified by HPLC as previously described [34] . Increasing concentrations of fluorescent ligand (0-500 nM) were added from a concentrated stock to 0.1 lM of purified wild type or mutant peptide in 2 ml of phosphate-buffered saline (pH 7.4). Fluorescence emission spectra were obtained at 24°C with an SLM 8000C spectrofluorometer (SLM Aminco Instruments, Rochester, NY) upon excitation of cis-parinaroyl-CoA at 310 nm, corrected for background (protein only and fluorescent ligand only), and maximal intensities measured. The dissociation constant and the number of binding sites were obtained by a double reciprocal plot of the fluorescence intensity at a given concentration of ligand as described previously [35] . The saturation curves were fitted to a Hill plot to confirm the number of binding sites obtained [28] .
Displacement of bound fluorescent cis-parinaroyl-CoA by endogenous non-fluorescent LCFA-CoA (palmitoyl-CoA)
In order to determine whether the ligand binding seen with cis-parinaroyl-CoA also occurred with endogenous, nonfluorescent ligands, the ability of palmitoyl-CoA to displace the bound fluorescent ligand (cis-parinaroyl-CoA) was examined as described previously [28] . The 89-residue L-CPTI peptide (0.1 lM in phosphate-buffered saline, pH 7.4) was incubated with cis-parinaroyl-CoA (50 nM) for 5 min at 24°C to obtain maximal fluorescence. Excitation of cis-parinaroyl-CoA occurred at 310 nm, and emission was measured at 426 nm with an SLM 8000C spectrofluorometer (SLM Aminco Instruments, Rochester, NY). The displacement of bound fluorescent ligand was calculated from the decrease in cis-parinaroyl-CoA fluorescence intensity with increasing concentrations of palmitoyl-CoA. The K i values for each peptide were then calculated as described previously [35] .
Quenching of intrinsic fluorescence of the 89-residue wild-type and mutant peptides by endogenous nonfluorescent LCFA-CoA (palmitoyl-CoA)
The wild type 89-residue peptide contains two tryptophans with intrinsic steady state fluorescence separated by 60 amino acid residues. Binding of the nonfluorescent ligand, such as palmitoyl-CoA, is expected to quench the intrinsic steady state fluorescence of the WT 89 residue peptide, but not of the Trp mutants. To estimate palmitoyl-CoA binding to the peptide residues, direct binding of the nonfluorescent ligands to the 89 residue peptides was determined as described previously [28, 35] . Briefly, the 89 residue peptides (0.1 lM in 2 ml of phosphate-buffered saline, pH 7.4) were titrated with increasing levels of palmitoyl-CoA (0-150 nM). The intrinsic fluorescence of the aromatic amino acids within the peptides was excited at 280 nm, and fluorescence emission was measured from 300 to 450 nm. The dissociation constant and number of binding sites were calculated by a double reciprocal plot as previously described [28, 35] . The saturation curves were fitted to a Hill plot to confirm the number of binding sites obtained above.
Fluorescence resonance energy transfer and determination of intermolecular distance between CPTI and cis-parinaroyl-CoA Fluorescence resonance energy transfer (FRET) from the aromatic amino acids within the 89-residue L-CPTI wild-type and mutant peptides to cis-parinaroyl-CoA was conducted as previously described for PPARa and cis-parinaroyl-CoA [28] . The 89-residue CPTI peptides (0.1 lM in 2 ml of PBS, pH 7.4) were titrated with increasing amounts of cis-parinaroyl-CoA (0-1,000 nM), and CPTI aromatic amino acid excitation was carried out at 280 nm with emission scan from 300 to 450 nm on an ISS PC1 photon counting spectrofluorometer (ISS Inc., Champaign, IL) at 24°C. The intermolecular distance between CPTI and bound ligand was calculated according to the Förster equation as described earlier [28] .
Statistics
Values represented the mean ± SE with n and P indicated as described. Statistical analyses were performed using Student's t-test or two-way analysis of variance (ANOVA) (GraphPad Prism, San Diego, CA). Values with P \ 0.05 were considered statistically significant.
Results
Effect of C-terminal mutations on secondary structure of L-CPTI: circular dichroism
The importance of the C-terminal amino acid residues 391 and 452 to secondary structure of L-CPTI was determined by CD. While the alanine substitution at position 391 resulted in increased ellipticity at 193 nm and more negative ellipticity at 222 nm, the alanine substitution at position 452 had an opposite effect (Fig. 1 ). These strong structural changes corresponded to increased a-helical and decreased b-sheet content for the W391A mutant, while the W452A mutant was composed of very little a-helices and showed an increase in b-sheets (Table 1) . Thus, although the W391A and W452A mutant peptides remained highly ordered, the respective alanine substitutions significantly altered L-CPTI secondary structure-albeit in opposite directions. How these diametrically opposite secondary structural changes affected L-CPTI function was addressed in the following sections.
CPTI peptides directly interacted with lipid binding proteins: circular dichroism Potential interactions of WT L-CPTI peptides with cytoplasmic LCFA-CoA binding/transfer proteins (ACBP, L-FABP, SCP-2) were examined by CD. Interactions of WT L-CPTI peptides with cytochrome C (CytoC) were examined as a control. The experimentally obtained (actual, filled circles) CD spectra of WT CPTI with ACBP ( Fig. 2a) , L-FABP (Fig. 2b) , SCP-2 (Fig. 2c) , and CytoC (Fig. 2d) were compared to the theoretical spectrum of each that would be obtained if no protein interaction occurred (theoretical, open circles). Significant differences were noted in the WT CPTI spectra with each of the lipid binding proteins, while no significant differences were noted with CytoC, indicating that the C-terminal region of CPTI directly interacted with ACBP, L-FABP, and SCP-2. Quantitative analysis of multiple replicates for percent composition of secondary structures confirmed these conclusions (Table 2) . To further establish the direct binding and intermolecular distance between WT L-CPTI and cytoplasmic LCFA-CoA binding proteins, the respective recombinant peptides/proteins were fluorescently labeled with small fluorescent tags (Cy3 or Cy5, respectively). The Cy3/Cy5 tags form an efficient donor/acceptor pair for FRET, which is useful for examining protein-protein interactions [29, 31, 36] . This FRET assay allowed for determination of: (i) the WT CPTI affinity for each of the cytoplasmic LCFA-CoA binding Each spectrum represents an average of 10 scans for a given representative spectrum from three replicates Table 1 Percent composition of CPTI peptide secondary structure determined by circular dichroism proteins; (ii) the distance between CPTI and the lipid binding proteins; and (iii) the effect of the tryptophan mutations on these interactions. The donor (Cy3-labeled WT CPTI) was excited at 550 nm and fluorescence emission was measured from 560 to 700 nm to allow the fluorescence signal from Cy3 and Cy5 to be detected (Fig. 3a) . Upon titration of Cy3-CPTI with Cy5-ACBP (data not shown), Cy5-L-FABP (Fig. 3a) , or Cy5-SCP-2 (data not shown), the Cy3-CPTI fluorescence was quenched at approximately 570 nm and sensitized emission of Cy5 was observed at 670 nm, indicative of FRET. However, titration with Cy5-cytochrome C resulted in only minor changes and no FRET or binding was observed (data not shown). By plotting the increase of Cy5 fluorescence as a function of Cy5-L-FABP concentration, a saturable ligand binding curve was obtained (Fig. 3b) , indicating high affinity binding. By plotting the data as a double reciprocal plot (Fig. 3b, inset Table 3 ). These proteins all exhibited close molecular interaction with similar intermolecular distances (Table 3) , supporting the results obtained by CD and suggesting that the C-terminal region of L-CPTI is sufficient for LCFA-CoA binding protein interactions.
FRET between mutant CPTI peptides and lipid binding proteins
To examine the importance of the C-terminal tryptophans on the interaction between L-CPTI and cytoplasmic LCFACoA binding proteins, the above FRET experiments were repeated with the W391A and W452A peptides. FRET was observed as quenching of Cy3-W391A (Fig. 3c ) and Cy3-W452A (Fig. 3e) fluorescence and increased Cy5 fluorescence upon titration with Cy5-L-FABP. Similar results were obtained with Cy5-ACBP and Cy5-SCP-2 (data not shown). The change in fluorescence intensity at 670 nm again gave strong saturable binding by Cy5-L-FABP (Fig. 3d) , and similar binding affinities (K d s \ 10 nM) were obtained with the W391A peptide as the WT peptide (Table 3) . Although the W391A peptide gave similar binding affinities as the WT peptide, some variation was noted in the intermolecular distances between the CPTI (Table 3 ). In contrast, mutation of the tryptophan at position 452 to alanine resulted in substantially reduced binding affinities (Fig. 3f) and increased intermolecular distances as compared to the WT peptide (Table 3 ). This ''discrepancy'' of W391A resulting in changes of intermolecular distance, but not binding affinity, suggested that the conformational changes noted in Fig. 1 altered the distance between the fluorophores but that such structural changes did not alter the region required for binding of lipid binding proteins. Since the W452A peptide showed both weaker affinities and greater distances, it is likely that both the structural changes (seen in Fig. 1 ) and the actual tryptophan at 452 are important for CPTI interaction with lipid binding proteins. Thus, these data suggested that even though both mutations resulted in conformational changes, the tryptophan residue at position 452 is more important for L-CPTI interaction with cytoplasmic LCFA-CoA binding proteins and may play an important role in protein-protein stabilization.
L-CPTI activity
Since earlier findings suggested that the highly conserved C-terminal tryptophan residues may be involved in CPTI activity [22] , this possibility was tested with the C-terminal 89-residue L-CPTI and mutant peptides. Due to substrate inhibition by LCFA-CoA, L-CPTI activity is negligible in the absence of LCFA-CoA carrier proteins and therefore BSA is typically used as a LCFA-CoA vehicle in CPTI activity assays [4, 5] . Although a small concentration of BSA in the CPT-1 activity assay resulted in robust activity, increasing BSA concentration was somewhat inhibitoryconsistent with increasing competition of BSA with CPTI for LCFA-CoA ligand (Table 4) . Highest CPTI activity was observed in the order WT L-CPTI ) W391A ) W452A at each BSA concentration examined (Table 4 ). These data establish that the highly conserved C-terminal tryptophan residues at positions 391 and 452 are essential for optimal L-CPTI activity.
Since BSA is a secreted/extracellular protein not normally found in the cytoplasm, the above assays were (Table 4) . Addition of L-FABP elicited slightly higher L-CPTI activity-especially at higher L-FABP concentrations-as compared to BSA (Table 4) . However, the L-FABP advantage was abolished by the W391A mutation, and increasing L-FABP protein concentrations had no further effect on L-CPTI activity (Table 4) . Mutation of Trp452 to Ala resulted in almost no L-CPTI (Table 4) .
Effect of C-terminal mutations on L-CPTI binding of LCFA-CoA: direct fluorescent ligand binding assay
Since the decreased activity for W452A, but not W391A, could be explained in part by decreased L-CPTI interactions with cytoplasmic LCFA-CoA binding proteins, the contribution of these conserved tryptophans in LCFA-CoA binding was also examined. Cis-parinaroyl-CoA, a nonmetabolizable fluorescent LCFA-CoA of 18 carbons and 4 cis-double bonds, was utilized to demonstrate that the 89 residue C-terminal peptide was sufficient for LCFA-CoA binding and to determine the effect of the W391A and W452A mutations on this affinity. The fluorescence emission intensity of cis-parinaroyl-CoA (after background correction) was saturable upon titration of the WT peptide with increasing concentrations of cis-parinaroyl-CoA (Fig. 4a) . A double reciprocal plot of these data resulted in a linear plot (Fig. 4a, inset) , indicating a single highaffinity binding site with K d = 9 ± 1 nM. Although both L-CPTI mutants also showed saturable binding at a single binding site (data not shown), these binding affinities were 5-7 fold weaker than obtained for the WT (Table 5 ). These data suggest that the C-terminal region of L-CPTI is responsible for LCFA-CoA binding and that the tryptophan residues at positions 391 and 452 may play an important role in LCFA-CoA binding and stabilization.
Binding of palmitoyl-CoA to the WT and mutant 89 residue L-CPTI peptides: displacement of bound cis-parinaroyl-CoA by palmitoyl-CoA
Although the above studies demonstrated a high affinity of the WT L-CPTI for cis-parinaroyl-CoA, and that the tryptophan mutations dramatically decreased this affinity, it was important to determine if the C-terminal region of L-CPTI also bound endogenous ligands (e.g. palmitoyl-CoA) Table 5 Binding affinity of CPTI peptides for cis-parinaroyl-CoA and palmitoyl-CoA
Values represent the mean value ± the standard error, n = 5
commonly oxidized by mitochondria of mammalian cells and tissues. To address this issue, the ability of palmitoylCoA to displace bound cis-parinaroyl-CoA from the 89 residue peptide was examined. Displacement of cis-parinaroyl-CoA from the WT L-CPTI peptide was very strong, resulting in approximately 70% displacement of cis-parinaroyl-CoA (Fig. 4b ) and higher affinity for palmitoyl-CoA (K i of 2.7 ± 0.5 nM) than cis-parinaroyl-CoA. However, palmitoyl-CoA binding of the mutant peptides resulted in only 50-60% cis-parinaroyl-CoA displacement and weaker affinity binding (Table 5 ) than the WT L-CPTI peptidefurther confirming that the conserved C-terminal tryptophan residues are important in LCFA-CoA binding. Finally, the lower K i s obtained for palmitoyl-CoA than the K d s obtained for cis-parinaroyl-CoA indicated that L-CPTI and the mutant peptides had a somewhat stronger affinity for the endogenous ligand (palmitoyl-CoA) than cis-parinaroylCoA.
Direct binding of endogenous palmitoyl-CoA: quenching of L-CPTI 89 residue peptide intrinsic aromatic amino acid fluorescence
To further establish the differential effects of the W391A and W452A mutations on ligand affinity and specificity of the peptide, advantage was taken of the intrinsic fluorescence properties of the L-CPTI C-terminal aromatic amino acids (two Trp and three Tyr residues). In this assay, quenching of the intrinsic aromatic amino acid fluorescence of the 89 residue peptides was examined in direct response to palmitoyl-CoA. With higher concentration of palmitoyl-CoA, the intrinsic aromatic amino acid fluorescence of the WT L-CPTI (Fig. 4c ) and mutant peptides was increasingly quenched. Analysis of the quenching curves revealed high affinity binding (K d = 4-16 nM), with each of the mutants having weaker affinities than the WT peptide. Thus, the results of the direct aromatic amino acid fluorescence quenching by palmitoyl-CoA confirmed the data obtained with the cis-parinaroyl-CoA displacement assay (Table 5) , and further suggested that the C-terminal peptide of L-CPTI and these conserved tryptophan residues are needed for high affinity LCFA-CoA binding. Furthermore, these data suggest that the decreased activity seen in the mutants is at least in part due to the decreased interaction of L-CPTI with ligand.
WT L-CPTI or mutant 89 residue peptide binding to cis-parinaroyl-CoA: fluorescence resonance energy transfer
The above findings with intensity-based fluorescence assays were confirmed with an intermolecular distancebased fluorescence assay. The absorbance spectrum of cisparinaroyl-CoA significantly overlaps the emission spectra of the aromatic amino acids in WT L-CPTI and mutant peptides upon excitation at 280 nm-thereby allowing FRET and providing an independent means to confirm that WT L-CPTI and mutant peptides bound cis-parinaroylCoA with high affinity. FRET between the CPTI aromatic amino acid residues and bound cis-parinaroyl-CoA was measured from both the decrease in donor emission at 333 nm and the appearance of sensitized acceptor (cisparinaroyl-CoA) emission at 416 nm (Fig. 5) . With increasing concentration of cis-parinaroyl-CoA, the emission of WT L-CPTI was decreased concomitant with increased appearance of cis-parinaroyl-CoA sensitized emission (Fig. 5a ). Examination of multiple titration curves allowed for determination of the binding affinity of CPTI for cis-parinaroyl-CoA under FRET conditions. Binding curves resolved a single cis-parinaroyl-CoA binding site with K d of 35 ± 10 nM calculated from quenching of WT CPTI amino acid fluorescence emission ( Fig. 5b ) and K d of 20 ± 6 nM determined from sensitized emission of bound cis-parinaroyl-CoA. These affinities were somewhat weaker than determined by the direct binding of cis-parinaroyl-CoA under non-FRET conditions (Fig. 4a) -likely due to greater sensitivity of the FRET assay to the relative orientation of CPTI aromatic amino acid residues with respect to the fluorescent LCFA-CoA within the binding site. Similar FRET assays also confirmed that W391A (Fig. 5c, d ) and W452A (Fig. 5e, f) bound cis-parinaroyl-CoA with substantially weaker affinity than the WT (Table 6 ).
Close molecular proximity between aromatic amino acid residues in WT L-CPTI or mutant 89 residue peptides and bound cis-parinaroyl-CoA: fluorescence resonance energy transfer
Since FRET is inversely proportional to the sixth-power of the distance between donor and acceptor, it is useful as a molecular distance ruler in the range of 1-100 Å depending on the specific donor-acceptor pair examined. FRET between the WT L-CPTI peptide and cis-parinaroyl-CoA yielded an intermolecular distance of 28 ± 1 Å determined from the donor (L-CPTI) quenching and 38 ± 1 Å determined from the increased acceptor (cis-parinaroyl-CoA) fluorescence (Fig. 5a) . FRET between the mutant peptides and cis-parinaroyl-CoA yielded slightly closer intermolecular distances than for the WT ( Table 6 ), suggesting that the conformational changes seen in Fig. 1 may play a role in decreasing the affinity for LCFA-CoA. Unfortunately, since FRET only provides the average energy transfer efficiency between all of the intrinsically fluorescent residues (5 for WT and 4 for each mutant), we cannot distinguish if some of these residues are now closer to the LCFA-CoA while other residues are further apart. However, the relative intermolecular distances were consistent with close molecular interaction rather than non-specific binding of the cis-parinaroyl-CoA by each of the examined L-CPTI peptides, and these data further confirm that the 89 residue C-terminal peptide is sufficient for interaction with LCFA-CoA. Second, all the cytoplasmic LCFA-CoA binding proteins examined (L-FABP, ACBP, SCP-2) enhanced L-CPTI activity. These data suggested that: (i) the C-terminal 89-residue L-CPTI peptide was capable of converting LCFA-CoA to acyl-carnitine even in the absence of the integral membrane portion of the L-CPTI protein; (ii) the tryptophan residues at positions 391 and 452 were essential for activity of the C-terminal 89 residue L-CPTI; (iii) cytoplasmic LCFA-CoA binding proteins (ACBP, L-FABP, and SCP-2) were effective in enhancing L-CPTI activity; and (iv) L-FABP was the most efficient in enhancing L-CPTI activity of the proteins examined. Since previous studies with BSA have shown that mutation of W391A and W452A alters V max but not the Km for CPTI activity and since the data herein show similar results for the mutant peptides with each cytoplasmic LCFA-CoA binding protein [22] , we predict that a similar effect is occurring in the presence of the cytoplasmic lipid binding proteins and that these mutations are affecting the stability of the enzyme substrate complex. Thus, the cytoplasmic LCFA-CoA binding proteins functioned at least as efficiently as BSA-indicating that cytoplasmic LCFA-CoA binding proteins can significantly contribute to L-CPTI activity.
Third, the L-CPTI C-terminal 89 residue peptide was identified as a high affinity LCFA-CoA binding domain. Due to lack of a 3D-structure for L-CPTI, the identity of the LCFA-CoA binding site had not previously been established. The current study presented evidence that endogenous palmitoyl-CoA directly binds to the L-CPTI C-terminal 89 residue peptide with very high affinity. In general, the fluorescence assays yielded a single high affinity binding site of the C-terminal 89 residue L-CPTI peptide for the naturally-occurring fluorescent (cis-parinaroyl-CoA) and non-fluorescent (palmitoyl-CoA) with K d values of 3-35 nM-in the same range as the unbound LCFA-CoA concentration in the cytosol of living cells [11] . FRET between L-CPTI aromatic amino acid residues and bound cis-parinaroyl-CoA yielded an intermolecular distance of 25 Å -indicating close molecular interaction. These findings were consistent with naturally occurring and endogenous LCFA-CoAs being physiologically significant ligands for CPTI. LCFA-CoA binding to the C-terminal 89 residue L-CPTI peptide significantly altered the peptide structure. Binding of palmitoyl-CoA significantly quenched the 89 residue peptide aromatic amino acid fluorescence emission, consistent with a reorientation of one or more of these residues from the more hydrophobic interior of the protein to the more aqueous exposed protein surface. Similar conformational changes in response to ligand binding also occur in the cytoplasmic LCFA-CoA binding proteins ACBP, L-FABP, and SCP-2 [13, 14, 37] .
The high affinities of the C-terminal 89 residue L-CPTI peptide for LCFA-CoAs were in the same range as those exhibited by cytoplasmic LCFA-CoA binding proteins such as ACBP, L-FABP, and SCP-2 measured with similar assays [13, 14, 37] . These data suggested that in the outer mitochondrial membrane, the cytoplasmic facing C-terminal domain of L-CPTI has sufficiently high LCFA-CoA affinity to compete effectively with cytoplasmic LCFACoA binding proteins such as ACBP, L-FABP, and SCP-2. This was supported by measurement of L-CPTI activity measured with increasing concentrations of these proteins and constant LCFA-CoA concentration. At low ratio of cytoplasmic LCFA-CoA binding protein/LCFA-CoA, the activity of L-CPTI was enhanced, while at high ratios, the activity was less enhanced. Furthermore, since previous studies have reported that increasing concentrations of ACBP bound LCFA-CoA increase CPTI activity [6] , the decreased activity seen with increasing ACBP and SCP-2 concentrations (constant LCFA-CoA concentration) suggest that LCFA-CoA may be substrate limiting, possibly due to the higher affinity of ACBP and SCP-2 for LCFACoA than L-FABP [6, 14, 34, 37] . The observation that the C-terminal 89 residue L-CPTI peptide exhibited high affinity for the palmitoyl-CoA may be taken in the context of the known structure of the ligand-binding pocket of the cytoplasmic LCFA-CoA binding protein ACBP. The predicted secondary structure of the 89 amino acid regions of L-CPTI containing these conserved residues consists of four a-helices similar to the known 3D structure of the ACBP with bound palmitoyl-CoA [38] -suggesting that this region of L-CPTI and M-CPTI spanning these conserved residues could be the palmitoyl-CoA binding site.
Although it is unlikely that these 89 amino acid peptides will fully mimic the structure of the full-length protein, significant differences were noted in their structures which could explain some of the differences in activity. For example, the increased proportion of a-helices elicited by the W391A mutation resulted in decreased L-CPTI affinity for LCFA-CoA and activity but no effect on affinity for cytoplasmic LCFA-CoA binding proteins. In contrast, the decreased proportion of a-helix induced by the W452A mutation resulted in a more severe phenotype, i.e., decreased LCFA-CoA binding activity, decreased affinity for cytoplasmic LCFA-CoA binding proteins, and decreased L-CPTI activity. Thus, the tryptophan residue at position 452, and less so that at 391, both significantly contribute not only to LCFA-CoA binding to L-CPTI, but also interaction of L-CPTI with cytoplasmic LCFA-CoA binding proteins-both contributing to L-CPTI activity. These findings suggest that the cytoplasmic LCFA-CoA binding proteins may regulate L-CPTI activity not only by binding/transporting LCFA-CoA in the cytoplasm, but also by directly interacting with the C-terminal L-CPTI domain to influence L-CPTI activity.
In summary, the data presented herein showed for the first time that the C-terminal 89 residue domain of L-CPTI was crucial in determining high affinity binding of cytoplasmic LCFA-CoA binding proteins, high affinity binding of LCFA-CoA, and CPTI activity. While the two tryptophan residues at positions 391 and 452 are not required for LCFA-CoA binding or cytoplasmic LCFA-CoA binding protein interaction, they significantly modify binding affinity and specificity. Some of these changes may be due to the tryptophan itself being important for binding and some of the changes may be due to the structural changes resulting from the amino acid substitution. These data demonstrated a direct interaction of the C terminal region of L-CPTI with cytoplasmic LCFA-CoA binding proteins which resulted in enhanced L-CPTI activity.
